activation and the generation of phosphatidic acid (PA).
In cultured vascular smooth muscle cells (VSMCs), Ang II causes a rapid, sustained activation of PLDmediated phosphatidylcholine hydrolysis, resulting in the formation of PA and, indirectly, diacylglycerol (DG).5 6Accumulation of both PA and DG is sustained for the duration of hormone exposure.6 DG, in combination with increased intracellular Ca2', activates the serine/threonine kinase, protein kinase C. 7 In smooth muscle cells, it is apparently subsequently degraded via DG-and monoacylglycerol-lipase to free arachidonic acid.8 Although a certain portion of the PA formed is converted to DG,6 the role of the PA that accumulates remains unknown.
Early studies implicated PA in the regulation of Ca'+ influx.9 More recently, it has been suggested that PA has a role in mitogenesis.10-14 PAs with a fatty acid composition resembling that found in phosphatidylcholine increase thymidine incorporation in fibroblasts10 and human renal mesangial cells," induce c-fos and c-myc mRNA expression in A431 cells,12 increase cell number in mammary epithelial cells, 13 and inhibit activation of GTPase-activating protein.14 In addition, PA induces the expression of platelet-derived growth factor mRNA in mesangial cells" and stimulates phospholipase C. 15 All of these events have been shown to have a stimulatory effect on growth, implying that activation of PLD might be an early and integral signal in the growth response. Finally, and perhaps most relevant to the present study, PA has been shown conclusively to stimulate NADPH oxidase activity in neutrophils. [16] [17] [18] This latter observation is interesting because reactive oxygen intermediates have been proposed to act as intracellular second messengers19 and thus represent a potential pathway by which receptor activation could be transduced to a physiological response. In this regard, it is interesting to note that oxidase activity and abnormalities in oxygen metabolism have been shown to be related to growth in tumor cells. 20 In fact, four different types of antitumor agents inhibit the plasma membrane redox system,2' implying that the redox state of the cell may be a common step at which growth control can be achieved. In VSMCs, xanthine/xanthine oxidase (which produces H202 and 02-) and H202 
Cell Fractionation
In some experiments, membranes and cytosol were separated by centrifugation, and NADH and NADPH oxidase activity were measured. These samples were prepared exactly as described above for the NADPH/NADH oxidase assays, except that after lysis, cell homogenates were centrifuged at 29 100g for 20 minutes at 4°C. The supernatant (cytosolic fraction) was removed, and the pellet, containing both plasma and mitochondrial membranes, was resuspended in the original volume of lysis buffer. NADPH and NADH oxidase activities were then measured as described above.
[3H]Leucine Incorporation 
Results

Superoxide Anion Production in Intact Cells
Stimulation of intact VSMCs with Ang II led to a significant increase in superoxide anion production (Fig  1) . Over the 10 minutes during which superoxide production was measured, cells exposed to Ang II fdr 4 hours before the start of the assay produced 2.7+±0.4-fold more superoxide anion than did control cells (n=15, P<.0002). This increase could not be inhibited by the addition of extracellular superoxide dismutase (50 U/mL) to the cuvette but was almost completely abolished when the cells were incubated with Tiron (10 mmol/L), a cell-permeant chelator of superoxide (data not shown). These observations suggest that Ang II stimulates an increase in intracellular superoxide anion production, since lucigenin detects both intracellular and extracellular superoxide anion accumulation.28
Ang II Stimulation of NADPH and NADH Oxidase Activity
To eliminate any potential barrier to lucigenin entry presented by the plasma membrane and to examine the activity of specific intracellular oxidases, we prepared cell homogenates and assayed NADH and NADPH oxidase activity. These two oxidase systems were chosen for further study because preliminary experiments with oxidase inhibitors in intact cells indicated that they were the two most important oxidase systems in smooth muscle, in agreement with data presented by Omar et al.29 A 4-hour treatment with Ang II caused a large increase in both NADH and NADPH oxidase activity, both in terms of initial rate (Table 1 ) and peak response (Fig 2) .
The time course of Ang II stimulation of these two oxidases is shown in Fig 3 . Surprisingly, the increase in oxidase activity is not apparent until :1 hour and continues to increase for at least 6 hours. We were unable to determine whether this delay required new protein synthesis, since both cycloheximide (1 ,umol The Ang II-induced increase in both NADH and NADPH oxidase activity was dose dependent between 0.01 and 1000 nmol/L (Fig 4) . Activation of these enzymes was receptor-mediated, since the response could be blocked by the AT1 antagonist losartan (10 gmol/L) ( (Fig 5) , whereas dioleoyl-DG (100 ,g/mL) had no effect (data not shown). Ang Il-induced NADPH oxidase activity was partially inhibited by a maximal concentration of DPI (100 ,mol/L) (Fig 6) . Quinacrine, an inhibitor of the NADH oxidase, actually increased NADPH oxidase activity (Fig 7) .
On fractionation of cytosol and membranes, all NADPH activity migrated with the membranes, indicating that the VSMC NADPH oxidase is membraneassociated (Table 3 been established that the hormone-sensitive enzyme is stimulated by fatty acids and lysophospholipids, is inhibited by high concentrations of quinacrine, and is plasma membrane bound.31 In addition, it is thought to be a flavin-containing enzyme and therefore should be sensitive to DPI.31-33 We used these characteristics to further identify the VSMC NADH oxidase.
As shown in Fig 8, arachidonic acid (100 gmol/L), linoleic acid (100 gmol/L), and stearic acid (100 jamol/L) all caused an acute increase in NADH oxidase activity. PA (100 ,ug/mL) had almost no effect on NADH oxidase activity (data not shown). The effect of these compounds on initial rate of enzyme activity is given in Table 2 . Of the fatty acids tested, arachidonic acid and linoleic acid were equally effective, whereas stearic acid was less potent an activator. Figs nal, since quinacrine actually increased Ang 11-stimulated NADPH oxidase activity (Fig 7) . As expected, DPI also partially inhibited NADH oxidase activation (Fig 6) .
As was true for the NADPH oxidase, NADH oxidase activity also partitioned with the membrane fraction on cell fractionation. In fact, there appears to be an inhibitory factor in the cytosol, since activity in isolated membranes was actually higher than that in homogenates (Table 3) . KCN had no effect on the initial rate of enzyme activity in cells treated with Ang 11 To verify the specificity of the lucigenin assay for superoxide anion in vascular smooth muscle cells, we examined the ability of free radicals and free radical scavengers to inhibit the lucigenin signal. Both superoxide dismutase (120 U/mL) and Tiron (10 mmol/L), which specifically scavenge superoxide anion,2834-37 inhibited the pure superoxide signal produced by xanthine/xanthine oxidase (98±0.5% and 99±0.01% inhibition, respectively). No light emission was observed when H202 (100 ,umol/L) was added to the cuvette (data not shown).
In intact cells and cell homogenates, the lucigenin signal was not inhibited by the addition of histidine (1 mmol/L) or azide (100 gmol/L) (to quench singlet oxygen), mannitol (10 mmol/L) or deferoxamine (10 mmol/L) (to prevent formation or accumulation of hydroxyl radical), or catalase (2000 U/mL). Superoxide dismutase (120 U/mL) was relatively ineffective at inhibiting superoxide accumulation. As noted above, in intact cells, no inhibition was seen with superoxide dismutase, probably because of its inability to enter cells. In cell homogenates, superoxide dismutase inhibited the Ang IT-stimulated NADPH signal by 33±3% (n= 13) and the NADH signal by 42±4% (n= 12). The lack of effectiveness of superoxide dismutase seems to be a general property of smooth muscle cells,28 possibly related to the inactivation of superoxide dismutase by H202.38 Because of this limitation, we chose to use the nonenzymatic superoxide scavenger Tiron28,34-37 to specifically inhibit the superoxide signal in these assays. Tiron (10 mmol/L) completely abolished the lucigenin signal in Ang TI-stimulated intact cells and inhibited stimulated NADPH and NADH oxidase assay signals by 73.8±2.9 and 74.5±1.9%, respectively (n=3). Discussion
The data presented here identify a major new component of the intracellular signaling pathways stimulated by Ang II in VSMCs. Prolonged incubation with Ang II led The Ang Il-sensitive VSMC NADH oxidase appears to have characteristics similar to those described in liver, except that the VSMC enzyme is insensitive to chloroquine (authors' unpublished observations). Fatty acids are potent stimuli of VSMC NADH oxidase activity, and quinacrine completely abolishes NADHdependent superoxide generation. Preliminary data recently reported suggest that a microsomal NADH oxidase accounts for the vast majority (>94%) of the superoxide generated basally in pulmonary artery smooth muscle.29 This agrees well with our observation that the NADH oxidase generates four to five times more superoxide anion than the NADPH oxidase, although in cultured VSMCs, the NADH oxidase activity does not migrate with the microsomal fraction (cytosolic fraction in Table 3 ).
The NADPH oxidase has been most extensively studied in neutrophils, where it is a plasma membrane-associated enzyme responsible for the respiratory burst essential to the microbicidal activity of these cells.43-4 Neutrophil NADPH oxidase activity can be specifically stimulated by PA, arachidonic acid, and anionic amphophiles such as sodium dodecyl sulfate17183046 and inhibited by DPI, p-chloromercuribenzoate, and cibacron blue.1633 The mechanism by which agonists activate the neutrophil NADPH oxidase is thought to involve activation of PLD, the subsequent production of PA and DG, and/or the activation of protein kinase C. 18, 44, 47, 48 Although many of these characteristics are shared by the VSMC NADPH oxidase (most notably, stimulation by PA and arachidonic acid, association with the plasma membrane, and sensitivity to DPI), the VSMC oxidase differs from that of neutrophils in some respects. First and foremost, the time course of stimulation of the oxidase differs dramatically in the two cell types. Superoxide anion generation by the neutrophil NADPH oxidase begins within minutes of exposure to hormones,4748 whereas the activation of the NADPH oxidase in VSMCs stimulated with Ang II seen in the present study occurs over a period of hours. In this regard, the VSMC NADPH oxidase is more like that identified in human fibroblasts49 and mesangial cells. 50 Second, the superoxide generated here in response to Ang II appears to be mostly intracellular, with only a 
